ety of nucleoside triphosphates to several acceptor diSoluble nucleoside-diphosphate kinase (NDP ki-phosphates (1) according to the reaction nase) from Candida albicans was purified to electrophoretic homogeneity and a partial sequence was de- (14, 15). An extracellular differentiathe lowest K m compared to UTP, dTTP, and CTP. GDP tion inhibiting factor of a mouse myeloid leukemic cell acted as a preferred acceptor as assessed by kinetic line was identified as human NDP kinase isozyme B measurements as well as by competition experi-(16) and more recently the c-myc purine-binding tranments. Experimental data are presented indicating scription factor was identified as the human nm23-H2 the existence of a membrane-associated NDP kinase. gene encoding the B isozyme of NDP kinase (17). InterPreliminary characterization of this enzyme sug-action of NDP kinase with GTP-binding proteins has gests that cytosolic and membrane-associated NDP also been suggested (18) as well as the participation of kinases are similar proteins. ᭧
formed at 30ЊC for 0.5, 1, 2, and 4 min. The reaction was stopped with mal enzymatic activity during the early logarithmic 3 N formic acid and aliquots were spotted on PEI-cellulose sheets and stage of the yeast phase of growth and a considerable developed with 2 N formic acid, 3 M LiCl (1:1). Reaction products were increase in activity during the yeast-hyphal transi-located and quantified as described by Kimura and Shimada (26) . tion. These changes in activity correlated well with inOther assays. 5-Nucleotidase, citrate synthase, and pyruvate kicreases in the amount of enzyme that is synthesized. nase were measured according to Avruch and Wallach (27) , Srere These facts, possibly indicating a developmentally reg- (28) , and Bü cher and Pfleiderer (29) , respectively. DNA content was determined as described by Brunk et al. (30) . ulated enzyme, suggested the importance of the further Phosphorylation of NDP kinase. Phosphorylation reactions were characterization of C. albicans NDP kinase.
performed at 4ЊC in a reaction mixture containing the following final
Here we describe the characteristics of a homogeconcentrations: 20 mM Tris-HCl buffer, pH 7.5, 4 mM DTT, 1 mM neous preparation of soluble NDP kinase from C. albi-EDTA, 1 mM MgCl 2 , and [g0 32 P]ATP (20 mM at 1.6 mCi/mmol). Phoscans yeast cells. Moreover, we report the isolation and phorylation was initiated by the addition of the enzyme. After varypartial characterization of a membrane-associated ing times, the reaction was stopped by the addition of 10 volumes of 0.1 M sodium pyrophosphate containing 10 mM EDTA. The mixture NDP kinase.
was immediately passed through a nitrocellulose membrane and washed three times with 2 ml of fresh buffer. The filters were assayed for radioactivity in a liquid scintillation counter.
MATERIALS AND METHODS
For SDS-PAGE analysis, reaction mixtures (20 ml) were mixed Chemicals. [g- 32 P]ATP, [8, H]GDP, and [2, H]ADP were obwith 1 volume of 21 SDS buffer (31) . Alternatively the phosphoentained from New England Nuclear. Nucleotides, protease inhibitors, zyme was separated from excess nucleotide by passing the phosphorcoupling enzymes, molecular mass markers, Cibacron blue 3GA ylated mixture through a Bio-Rad P2 column equilibrated with 20 (color index 61211), PEI-TLC sheets and resins were from Sigma. mM Tris-HCl buffer, pH 7.4. Standards for isoelectric focusing were from Pharmacia. PolyacrylPolyacrylamide gel electrophoresis. Proteins were separated by amide gel electrophoresis reagents and Bio-Rad P2 were from Bio-15% SDS-PAGE according to Laemmli (31) . After electrophoresis, Rad. X-ray films (Curix-RP1) were from Agfa Gevaert. Nitrocellulose proteins were stained with Coomassie blue R-250 or electrotransfilters BA-85 were from Schleicher & Schuell. Immunostaining Vecferred to nitrocellulose membranes for immunoblotting. To do this, tastain kit was from Vector Laboratories.
nitrocellulose sheets were incubated at room temperature with imOrganism and cultivation. Wild-type C. albicans strain 1001 mune and control antisera. The immunological detection was per-(ATCC 64385) was a gift from Dr. C. Nombela (Department of Microformed with biotinylated anti-rabbit immunoglobulin and avidin-biobiology, Universidad Complutense de Madrid, Madrid, Spain). For tinylated horseradish peroxidase (Vectastain kit), following the manpurification purposes, yeast cells were grown in a complex medium ufacturer's instructions. (23) at 28ЊC with continuous shaking at 200 rpm. Cells were harFor determination of the molecular mass of the native enzyme, vested by centrifugation, washed twice with double-distilled water, pure NDP kinase was subjected to electrophoresis on nondenaturing and immediately processed or kept frozen at 070ЊC.
polyacrylamide gels of different pore size. The molecular mass was Preparation of cell-free extracts. All steps were performed at 4ЊC. estimated from Ferguson plots as described by Bryan (32) . For soluble NDP kinase purification, midexponential phase yeast Nondenaturing isoelectric focusing was performed with the Pharcells (10-14 h of growth) were suspended in 2 volumes of 40 mM macia PhastSystem in 5% polyacrylamide gels containing PharmaTris-HCl buffer, pH 7.4, containing 0.5 mM EGTA, 3 mg/ml leupep-lyte 3-10. tin, 3 mg/ml antipain, and 1 mM PMSF (buffer A). Glass beads (0. 5 Sequence determination. Purified NDP kinase was subjected to mm) were added to a ratio of 1/2 (v/v) and the suspension was shaken SDS-PAGE and blotted on nitrocellulose. The 17-kDa band was cut at 4000 rpm (2130 s) in a Braun homogenizer with cooling by comout, eluted, and subjected to trypsin digestion. The tryptic peptides pressed CO 2 . Glass beads were separated by decantation and the were separated by HPLC and the two most hydrophobic peptides extract was centrifuged at 5000g for 5 min. The supernatant (crude were then blotted onto Immobilon membrane for microsequencing. extract) was used as starting material for purification of soluble NDP Preparation of antibodies against purified soluble NDP kinase. kinase.
Two New Zealand White rabbits were immunized with pure NDP Plasma membrane ghosts were obtained from midexponential kinase electroeluted from SDS-polyacrylamide gels. Initially, 0.5 mg yeast cells by the concanavalin A stabilization procedure as described protein in complete Freund's adjuvant was injected into each rabbit, by Hubbard et al. (24) . This material was used as source of particufollowed by two 0.1-mg booster injections (at 3-week intervals) in late NDP kinase. incomplete Freund's adjuvant. Serum was collected prior to immuniProtein concentration was measured according to Lowry et al. (25) . zation and 2 weeks after the last booster injection; all sera were Assay of NDP kinase activity. Routinely, NDP kinase activity was heat-inactivated. IgGs were purified by ammonium sulfate precipitameasured as described by Parks and Agarwal (1) with slight modifition and DEAE-cellulose chromatography. cations. The standard incubation mixture contained, in a final volume of 1 ml: 1 mM ATP, 1 mM phosphoenolpyruvate, 1.5 mM dTDP, 5 mM MgCl 2 , 50 mM KCl, 0.2 mM NADH, 50 mM Tris-HCl buffer,
RESULTS
pH 7.5, 2 units of lactate dehydrogenase and pyruvate kinase. In some kinetic studies, the radioactive method as described by cells at 070ЊC. This latter procedure led to no loss of Kimura Note. Detailed purification procedures were described under Materials and Methods. The NDP kinase activities in different fractions were assayed by the spectrophotometric method and corrected by subtracting the background, which contains no dTDP in the reaction mixture.
min. The supernatant (S100) was applied to a Blue-neous NDP kinase, as indicated by SDS-PAGE ( conditions, the activity remained stable for at least 1 described under Materials and Methods in a final volume of 20 ml at 4ЊC for 5 min, then 10 ml was removed and placed in 10 ml of 21 month.
SDS buffer (lane 1). After the initial 5 min, GDP (60 mM final) was
The purification protocol is summarized in Table I. added to the mixture and incubation was continued for 1 min at Specific activity in crude extracts, 8.3 units/mg protein 30ЊC. The reaction was stopped with 10 ml of 21 SDS buffer (lane (200 units/g of wet cells), was severalfold higher than 2). The samples were subjected to SDS-PAGE and autoradiothat found in mammalian tissues (1, 3) Red agarose column with GDP, resulting in homoge- variety of nucleoside 5-di-and -triphosphates (1) and rapidly form a phosphoenzyme intermediate when incubated with ATP. To characterize the autophosphorylation reaction, NDP kinase was incubated with component upon isoelectric focusing with a pI of 4.5
[g0 32 P]ATP at 4ЊC for the indicated times as described (Fig. 2) . This value places the soluble C. albicans enunder Materials and Methods. As can be seen in Fig.  zyme among the most acidic NDP kinases character-5, the enzyme rapidly formed a phosphoenzyme and ized so far (1, 2, 13, 34) . the reaction reached a plateau within 30 s. The amount Studies on the thermal stability of purified NDP kiof phosphate bound to NDP kinase can be calculated nase were performed by incubating aliquots of the ento be 0.9 mole per mole of subunit, indicating that each zyme at 4, 30, 50, and 70ЊC for different times. The subunit has one nucleotide binding site for phosphate. enzymatic activity was assayed either after cooling the SDS-PAGE followed by autoradiography confirmed samples on ice (Fig. 3) or immediately after each treatthat a 17-kDa polypeptide was phosphorylated after ment (not shown); both methodologies gave identical incubation with [g0 32 P]ATP (Fig. 1B, lane 1) . The 32 Presults. As can be seen, the enzyme was rapidly inactivated only at 70ЊC. Incubation at 50ЊC and lower temperatures had essentially no effect on the stability of the enzyme during the time range tested. In this respect, the behavior of C. albicans enzyme was quite similar to that of the a recombinant NDP kinase rat isoform and clearly different from the b isoform, which is more heat sensitive and gradually inactivates at 50ЊC (34).
Partial sequence. Since the amino terminus of the purified protein was blocked, internal tryptic peptides DSVESANK-COOH for P1 and NH 2 -EIDLWFL-COOH donors, while CTP exhibited the highest apparent K m . These results contrast with those found for the Saccharomyces cerevisiae NDP kinase for which ATP and GTP were poor phosphate donors (5) .
On the other hand, when phosphate acceptors were examined with 1 mM ATP as fixed substrate, the lowest apparent K m was obtained with GDP, whereas CDP was the poorest substrate acceptor. An examination of the kinetic parameters and V max /K m ratio indicates that the differences in activity of the various nucleotides are mostly due to interaction with the enzyme rather than to turnover. It is also evident that purine nucleotides are the preferred donors and acceptors.
Membrane-associated NDP kinase. Membrane-associated NDP kinase has been shown to be involved in receptor-stimulated G protein activation (19, 20) . The importance of such a function led us to investigate whether NDP kinase is also present in membranes from C. albicans yeast cells. Plasma membrane ghosts were obtained as described under Materials and Methods. Consistently 8-15% of the total activity was associated with the plasma membrane fraction (Table III) labeled enzyme was rapidly dephosphorylated on addition of an acceptor nucleoside 5-diphosphate such as GDP (Fig. 1B, lane 2) . We further analyzed the transfer of phosphate from phosphoenzyme to several unlabeled nucleoside 5-diphosphates. In this experiment the [ 32 P]phosphoenzyme, which had previously been subjected to size-exclusion chromatography, was incubated with ADP, GDP, UDP, CDP, or dTDP. The reaction mixtures were analyzed by TLC followed by autoradiography (Fig. 6A) . Production of and GTP were found to be the most active phosphate nized the same 17-kDa band (Fig. 1C, lanes 1 and 2) . spectively (not shown).
DISCUSSION
the recovery of 5-nucleotidase from plasma membrane ghosts never exceeded 50% of the amount measured
We here report purification to apparent homogeneity of soluble C. albicans NDP kinase from yeast cells. The in lysed spheroplasts. The possibility that the plasma membrane fraction contained nuclear, mitochondrial, specific activity of NDP kinase from C. albicans (10,500 units/mg) is very high, as shown by comparison with or cytosolic contaminants was ruled out because the DNA content, citrate synthase activity, and pyruvate other NDP kinases purified so far, for example S. cerevisiae (5400 units/mg) (5) and D. discoideum (2000 kinase activity were 0.01, 0.7 and 0.001%, respectively of that present in lysed spheroplasts (0.8 mg, 12.7 mmol/ units/mg) (37).
According to our results, soluble C. albicans NDP min, and 800 mmol/min, respectively).
The membrane-associated NDP kinase was ex-kinase is a homologous hexamer formed by identical subunits. A hexameric structure was also indicated for tracted with 10 mM CHAPS made in buffer A and purified to near homogeneity following the same protocol the NDP kinases from mammalian tissues (3), from D. melanogaster (13), and from Brewers' yeast (38) and it devised for the soluble enzyme, except that: (i) 1 mM CHAPS was included in all buffers and (ii) the specific was demonstrated in the crystal structure of D. discoideum (7) and D. melanogaster (39). In contrast, cryselution from the Blue-Sepharose column was achieved with 1.5 mM ATP containing 0.25 M NaCl. Starting tallized NDP kinase from the prokaryote Myxoccocus xanthus is a tetramer (40). from 230 mg of membrane protein, 0.05 mg of almost pure NDP kinase was obtained with an overall recovery
The partial sequence data show a high degree of con- servation around the histidine phosphorylated during of which, G as -type, is the mediator of adenylyl cyclase activation by mammalian hormones (44, 45) , points to the catalytic reaction. The sequence determined for C.
the possibility that NDP kinase may play a role in this albicans corresponds to strand b4 containing the conprocess. The availability of pure enzyme from C. albiserved histidine of the active site (His-122 in D. discans will facilitate further studies on the enzyme's relacoideum sequence noted*) and helix a4 containing the tionship to G proteins and their signaling systems. conserved glutamate (Glu-133 in D. discoideum sequence) participating in catalysis (35, 37) . Although the sequence information is partial, it indicates that ACKNOWLEDGMENTS NDP kinase from C. albicans might not be more closely
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